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lulose as a substrate for fermentation has been recognized for decades. However, evaluation of fermentation systems employing particulate substrates, such as cellulose, is complicated by the absence of techniques which can analyze solid-state samples. It is extremely difficult to measure biomass formed during fermentation of solid surfaces. Currently, a variety of assays are used to estimate solid-substrate fungal growth [2] . These include determining Kjeldahl nitrogen [3] or utilizing various techniques for cell disruption and measuring either adenosine triphosphate [4] or solubilized protein with the colorimetric methods [5, 6] . These methods are cumbersome, often unreliable and destructive to the sample.
A new analytical technique, photoacoustic spectroscopy (PAS), has been developed which provides information about the UV, visible and IR absorption spectra of solids, gels and other materials not suited for conventional optical analyses [7] [8] [9] . Briefly, a photoacoustic spectrum is obtained by placing a sample in an acoustically sealed cell containing a sensitive microphone. Light which is intensity modulated or chopped at a frequency within the response range of the microphone is admitted through a window to irradiate the sample. Light absorption by the sample, and subsequent thermal deexcitation of excited electronic states, leads to periodic heat flow from the sample to surrounding gas. Resulting modulated changes in gas pressure are detected by the microphone as acoustic pressure waves. Light scattering properties of the sample or its optical opacity have virtually no effect in PAS because only absorbed photons produce acoustic waves. The photoacoustic spectrum of a given material is, therefore, an accurate representation of the optical absorption spectrum of that material. A more detailed treatment of PAS theory is presented elsewhere [10] [11] [12] .
Low signal-to-noise ratio problems inherent to PAS have been recently overcome by employing Fourier transform (FT) technology, which allows multiple PAS spectra of a sample to be averaged in a short time. Since numerous compounds have distinct absorption properties in the infrared region and PAS is non-destructive to the sample, FTIR-PAS seems ideally suited for solid state bioproduction analyses. The following experiments demonstrate that growth of a filamentous fungus, Phanerochaete chrysosporium, on cellulose discs may be determined by monitoring amide absorption bands with FTIR-PAS.
MATERIALS AND METHODS

Instrumentation
Spectra were measured with an Analect FX-6260 FTIR spectrometer equipped with an Analect FXA-440 photoacoustic cell at 4 cm -1 resolution over the infrared spectral region 400-4400 cm - 1. Interferograms were processed by use of trapeziodal apodization with a MAP-66 multiple array processing unit. The air bearings in the optical head were operated on dry nitrogen. AIl samples were placed in 0.3 cm deep sample cups and dried by vacuum dessication prior to FTIR-PAS analysis. Spectra were generated from 500 to 1000 interferometer scans signal averaged over 15-30 min accumulation time and were normalized against a dry nitrogen carbon black background. All presented spectra were smoothed and baseline corrected.
Impregnation of filter paper with mycelia
Phanerochaete clll)'sosporium was grown in liquid culture on 1% glucose in high nitrogen medium as previously described [13, 14] . Mycelia were harvested by filtration, washed with deionized water, and dried by lyophilization. Known dry weights of mycelia were then reconstituted with deionized water and impregnated by gentle suction onto 6 mm diameter Whatman ¢i: 1 filter paper discs.
P. chrysosporium solid-state growth
Growth was conducted in 6.5 mm diameter microtiter wells containing a 6 mm diameter Whatman No.1 filter paper disc and 50 ,ul of high nitrogen growth medium [13] supplemented with 5-fold NH 4 N0 3 . Discs were inoculated with a 5 ,ul spore suspension and incubated at 30 0 C. After FTIR-PAS analysis, the samples were disrupted in deionized water with a Cole Parmer sonic homogenizer. Protein was assayed in quadruplicate by the method of Lowry et al. [5] except that, after addition of the alkaline-copper reagent, samples were incubated at 80 0 C for 30 min to aid cell disruption.
RESULTS
The FTIR-PAS spectrum of a purified protein (bovine serum albumin) exhibited strong amide I and amide II absorption bands at 1654 cm -1 and 1544 cm -1, respectively [15] (Fig. lA) . Purified phospholipid (asolectin) displayed distinct ester carbonyl absorption at 1739 cm -1 (Fig. IB) . Carbohydrate (microcrystalline cellulose) exhibited a complex C-O absorption pattern in the fingerprint region, as well as a broad OH stretching absorption band centered around 3338 cm-1 (Fig. lC) . An equal weight mixture of these three components, crudely representing a reconstituted Microorganism, yielded the FTIR-PAS spectrum shown in Fig. ID . This spectrum was similar to that of a the Basidiomyceteous fungus, Phanerochaete clll)'sosporium ( Fig. IE) , except that the phospholipid absorption in the fungal spectrum was not as pronounced as that in the reconstituted spectrum. In both spectra strong amide I and amide II absorptions was evident. .. §.
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Culture Age (days) Fig. 3 . Growth of P. c1u)'sosporium on filter paper discs. Symbols: (e) Dry weight determined by FTIR-PAS amide I absorbance; (0) Protein determined by Lowry procedure [5] after cell disruption as described in MATERIALS AND METHODS.
By monitoring amide I absorption, it was possible to generate a standard curve from Whatman No.1 filter paper discs impregnated with known dry weights of P. chrysosporiwn (Fig. 2B) . The experimental standard curve exhibited an initial linear increase, but approached a saturation plateau at high levels of mycelial dry weight. This plateau was attributed to the effect of mycelial layering. Layering would limit optical penetration by incident light and, thus, would set an upper limit to the photoacoustic signal intensity. This effect has been observed previously and described mathematically for other biological systems [16] . Amide I adsorption observed during the solid-state growth of P. clllysosporium (see below) did not achieve the saturation plateau, however.
P. chrysosporium was grown on cellulose in microtiter wells each of which contained a minimal amount of fungal growth medium and a filter paper disc. FTIR-PAS spectra of discs inoculated with a spore suspension exhibited significant increases in amide I absorption as a function of culture age, presumably due to mycelial growth. When the amide I absorption was converted into fungal dry weight by utilizing the standard curve in Fig. 2 , the growth curve shown in Fig. 3 was generated. The FTIR-PAS growth curve was remarkably similar to one generated by using a Lowry protein assay [5] on the same samples (Fig.  3) , especially considering that chemical analyses showed that P. chrysosporium was composed of 27% protein (dry weight basis). 
DISCUSSION
Instrumental artifacts were removed in fungal FTIR-PAS spectra by normalizing [17, 18] to a constant amplitude at 3338 cm -1, the absorption band associated with polymeric OH stretching of cellulose (Fig. 1C) . In effect, the cellulose disc (absorption at 3338 cm -1) served as an internal reference which allowed for quantitative analysis of fungal growth (absorption at 1654 em-I). This is a convenient reference point and, for this preliminary study, the normalization procedure appears to be adequate. However, absorption at 3338 cm -1 is a complex variable, and the signal generated from the cellulose disc can be affected by fungal layering. We are currently developing alternative internal standards and appropriate methodology for adding them to biological samples, which should allow for more exact quantitative analysis of microbial systems.
Although FTIR-PAS is technically non-destructive, samples used in this study were dried prior to analysis in order to prevent damage to the KBr window of the photoacoustic cell. Extensive drying should not be necessary if non-hydroscopic window materials, such as CdTe and ZnSe, are utilized. Experiments are currently in progress to determine which window materials are most appropriate for moist samples. Moist samples also introduce a certain amount of interference due to IR absorption by water vapor, but this interference can be eliminated using the digital enhancement method developed by Gordon [19] .
FTIR-PAS provides essentially the same information as conventional IR spectroscopy, but is not limited by sample opacity. It is non-destructive to the sample and simple to use, requiring 15 min or less per spectrum. We have demonstrated that fungal growth on cellulose may be determined by monitoring amide absorption bands with FTIR-PAS. The methodology and instrumentation used in this study could detect 1-2 mg fungal dry weight per g of substrate, which is about la-fold less sensitive than the majority of currently employed solid substrate assays [2] . However, recent FTIR technological advances are rapidly increasing the commercial availability of far more powerful spectrometers, which will increase PAS sensitivity. Furthermore, mathematical techniques particularly developed for biological systems have enhanced the resolution of IR spectra, providing detailed biomolecular information [20] [21] [22] . Numerous compounds, such as sugars, toxins, hormones, vitamins and other secondary metabolites that have distictive IR absorption patterns might be easily analyzed by FTIR-PAS. With improved technology and methodology, FTIR-PAS is potentially a powerful tool for in situ evaluation of biological systems.
